In order to examine the factors governing the timing and flexibility of skeletal muscle switching between fat and carbohydrate oxidation, Ukropcova et al. studied the effect of glucose and fatty acid availability on the preference for fat oxidation in myocytes cultured from human male quadriceps muscle taken from subjects with varied BMI, fat mass, and insulin sensitivity (see the related article beginning on page 1934). The authors found that in vivo insulin sensitivity was related to a higher in vitro capacity for fat oxidation. These findings support the concept that the capacity of skeletal muscle to oxidize fat under appropriate physiological conditions is related to leanness, aerobic fitness, and insulin sensitivity.
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Muscle's transition from glucose to fat oxidation Skeletal muscle adapts to 2 quite opposite physiological conditions - reduced energy intake during fasting and increased energy expenditure during sustained exercise - by increasing its reliance upon fat oxidation (1) . The transition to higher reliance upon fat oxidation spares utilization of plasma glucose during fasting and delays consumption of muscle glycogen during exercise. These are well-recognized homeostatic adaptations. Indeed, nearly 50 years ago, Andres, Cader, and Zierler reported in the JCI that even in lean, metabolically healthy volunteers after just an overnight fast, skeletal muscle chiefly relies upon fat oxidation (2) . More recently, it has been proposed that inability to increase reliance upon fat oxidation is related to the pathogenesis of insulin resistance in skeletal muscle and perhaps to the pathogenesis of obesity (3, 4) . In this issue of the JCI, using a muscle culture system prepared from biopsy of human vastus lateralis, Ukropcova et al. (5) examined the capacity for fat oxidation by skeletal muscle and found that it was increased in subjects with increased insulin sensitivity, leanness, and aerobic fitness ( Figure 1 ).
Fatty acids induce insulin resistance
Skeletal muscle has a key role in determining systemic insulin sensitivity because under insulin-stimulated conditions, a major proportion of glucose utilization occurs in muscle. Impaired glucose utilization in muscle determines the severity of systemic insulin resistance in such common metabolic diseases as type 2 diabetes mellitus (DM) and obesity. In order to evaluate whether muscle's impaired capacity to increase reliance upon fat oxidation is related to the pathogenesis of insulin resistance, one must first address the apparently contradictory observation that insulin resistance in muscle can be induced by elevated plasma fatty acids levels (6, 7) and that such elevations are associated with increased fat oxidation. Even experimental maintenance of fasting levels of plasma fatty acids, which prevent the suppression that normally occurs during elevation of insulin, is sufficient to significantly lower insulin-stimulated glucose uptake by skeletal muscle, impair insulin suppression of lipid oxidation, and blunt stimulation of glucose oxidation in muscle (8) . These experimental conditions, which induce insulin resistance in skeletal muscle by elevating plasma fatty acids, have a strong congruence with traits found in obesity and type 2 DM (9, 10). The strength and consistency of such observations make it challenging to reconcile them with the notion that insulin-resistant skeletal muscle can also manifest reduced efficiency of fat oxidation during fasting metabolism despite elevated levels of plasma FFA as is usually present in obesity and type 2 DM.
Fat oxidation by muscle as a component of insulin sensitivity
The effects of aerobic exercise on muscle physiology and muscle's capacity for fat oxidation illustrate that insulin-sensitive skeletal muscle manifests a robust reliance on fat oxidation during postabsorptive metabolism, yet it also manifests keen reliance on glucose oxidation during insulin-stimulated conditions. One aspect of the training responses to aerobic exercise is increased reliance upon fat oxidation during physical activity. Training also enhances muscle sensitivity to insulin-mediated glucose uptake. Therefore, an increase in capacity for fat oxidation by muscle can occur concurrently with an increase in the capacity for insulin-mediated glucose uptake and metabolism. Also, while a range of methods (histology, bioimaging, and lipid extraction) have shown an association between insulin resistance and increased intramyocellular lipid content (11), in lean, insulin-sensitive, endurance-trained athletes, muscle lipid content is relatively high (12) . It seems likely that in endurance-trained athletes, a high content of muscle triglyceride provides a reservoir for high rates of oxidation, and that the pool of intramyocellular triglyceride undergoes exercise-induced depletion and postprandial repletion.
The question therefore arises: does the accretion of muscle triglyceride represent different kinetics for sedentary as opposed to overweight individuals, namely, slower fractional turnover of triglycerides and a relative impairment in fat oxidation? Measurement of the respiratory quotient (RQ; the quotient of CO 2 production and O 2 consumption, which reflects the macronutrient mix being oxidized) across the tissue bed of the leg in lean, metabolically healthy volunteers reveals a high reliance on fat oxidation (lower RQ) during fasting conditions ( Figure 1A ). In these individuals, insulin infusion readily suppresses this preference for fat oxidation as muscle shifts to high reliance upon glucose oxidation (higher RQ) (13) ( Figure 1C) . Thus, metabolically healthy skeletal muscle is characterized by the ability to switch easily between glucose and fat oxidation in response to homeostatic signals. The skeletal muscle in individuals with type 2 DM and obesity shows a great reduction in this metabolic flexibility. RQ values measured across the tissue bed of the leg during fasting are elevated in type 2 DM and in obesity (14) (15) (16) , and yet stimulation of glucose oxidation in response to insulin is blunted. This flat or unresponsive pattern, responding inefficiently both to the stimulus of fasting to enhance fat oxidation ( Figure 1B) and to the stimulus of insulin to enhance glucose oxidation ( Figure 1D ), has been described as "metabolic inflexibility." It is this physiological phenotype that Ukropcova and colleagues have explored using cultured myocytes (5) . A prior study found that a diminished reliance on fat oxidation by skeletal muscle during fasting conditions is predictive of weight gain (17) . A program of moderate weight loss and improved aerobic fitness restores metabolic flexibility in overweight and obese insulin-resistant men and women, and this improvement in metabolic flexibility
Figure 1
The flexibility of skeletal muscle to switch between oxidizing fat and glucose is related to insulin sensitivity, percentage of body fat, and fitness. Differences in the patterns of glucose and fat oxidation in skeletal muscle during fasting conditions are shown in a lean, aerobically fit individual (A), in whom there is a high reliance upon fat oxidation during fasting conditions, and in an obese, sedentary individual (B), in whom there is less reliance on fat and a greater reliance on glucose oxidation. The patterns of glucose and fat oxidation during insulin-stimulated conditions are also shown. In skeletal muscle of a lean, aerobically fit individual (C), insulin strongly suppresses fat oxidation and induces a high reliance upon glucose oxidation, whereas in skeletal muscle of an obese, sedentary individual (D), there is less stimulation of glucose oxidation by insulin and blunted suppression of fat oxidation. Thus, in skeletal muscle of obese, sedentary individuals, there is a constricted range in switching between fat and glucose oxidation compared to the dynamic switching evident in aerobically fit, lean individuals. This constrained homeostatic adjustment to the transitions between fasting and insulin-stimulated conditions in obese, sedentary individuals has been described as "metabolic inflexibility" of skeletal muscle.
correlated strongly with improvement in insulin-stimulated glucose disposal (18) . Interestingly, however, moderate weight loss achieved without a change in aerobic fitness does not appear to improve capacity for fat oxidation, yet does improve suppression of fat oxidation during insulin-stimulated conditions (19) (20) (21) .
Susceptibility to inhibition of fat oxidation
Metabolic flexibility has 2 facets: insulin suppresses fat oxidation and stimulates glucose oxidation, while fasting stimulates a reliance on fat oxidation. Earlier, the ability of elevated plasma FFA levels to impede insulin-stimulated glucose oxidation was discussed. In the study by Ukropcova and colleagues (5), a finding of particular interest was the variable effect of glucose on the suppression of fat oxidation in myocytes cultured from the quadriceps of healthy males. Resistance to suppression of fat oxidation by hyperglycemia was found to be related to leanness, aerobic fitness, and insulin sensitivity. These in vitro findings resonate with the results of earlier clinical investigations showing that experimental induction of hyperglycemia while maintaining low circulating insulin levels (via somatostatin suppression of insulin secretion) induced elevated RQ values in the leg tissue of volunteers, a response that was more pronounced in obese than in lean individuals (22, 23) .
Potential cellular mechanisms for metabolic flexibility in fat oxidation
A prior study found that characteristics of muscle insulin resistance are retained in myocyte culture (24) , and it has been reported that muscle obtained from patients with type 2 DM has a reduced capacity for fat oxidation in culture (25) . The results reported by Ukropcova et al. (5) provide the additional insight that properties of metabolic flexibility in the transition between fat and glucose oxidation that are manifest in vivo are retained in myocyte cultures. What are the cellular characteristics of myocytes that determine metabolic flexibility? The study by Ukropcova et al. serves as an impetus for further research as the answers to these questions are presently unclear, but mitochondria may play a critical role. Competition between glucose and fat oxidation can occur at several locations in the mitochondria. One juncture is the mitochondrial outer membrane between the relative activities of pyruvate dehydrogenase and carnitine palmitoyl transferase complexes. Perhaps this competition also occurs within the matrix of the mitochondria in interactions between the β-oxidation and TCA cycles and in delivering FADH 2 and NADH to different loci within the electron transport chain, which is embedded within the inner mitochondrial membrane. During the past several years, interest in the role that mitochondria might play in the pathogenesis of muscle insulin resistance has rapidly grown (26) (27) (28) (29) (30) (31) (32) . In addition to clinical investigations, suitable animal models for further study are also being developed. For example, rats selectively bred for low oxidative enzyme activity in skeletal muscle develop a metabolic syndrome phenotype (33). In clinical studies examining the physiological phenotype of metabolic flexibility, muscle biopsy samples have shown reduced oxidative enzyme activity (34-36), and improvement in metabolic inflexibility following exercise training was found to cause improvement in mitochondrial metabolism (37). With regard to the experimental use of muscle cultures, it will be of great interest to more fully examine mitochondrial metabolism as well as to undertake broader analyses of known metabolic pathways in order to elucidate the mechanisms that permit or constrain the metabolic adaptation of skeletal muscle toward a high rate of fat oxidation. 
